Senescence of cardiomyocytes is considered a key factor for the occurrence of doxorubicin (dox)-associated cardiomyopathy. The NOd-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome is reported to be involved in the process of cellular senescence. Furthermore, thioredoxin-interactive protein (TXNIP) is required for NLRP3 inflammasome activation and is considered to be a key component in the regulation of the pathogenesis of senescence. Studies have demonstrated that pretreatment with honokiol (Hnk) can alleviate dox-induced cardiotoxicity. However, the impact of Hnk on cardiomyocyte senescence elicited by dox and the underlying mechanisms remain unclear. The present study demonstrated that Hnk was able to prevent dox-induced senescence of H9c2 cardiomyocytes, indicated by decreased senescence-associated β-galactosidase (SA-β-gal) staining, as well as decreased expression of p16 INK4A and p21. Hnk also inhibited TXNIP expression and NLRP3 inflammasome activation in dox-stimulated H9c2 cardiomyocytes. When TXNIP expression was enforced by adenovirus-mediated gene overexpression, the NLRP3 inflammasome was activated, which led to inhibition of the anti-inflammation and anti-senescence effects of Hnk on H9c2 cardiomyocytes under dox treatment.
Introduction doxorubicin (dox) is an anthracycline, which are effective anticancer drugs widely used in clinical practice (1) . despite the effectiveness of dox against cancer, it is associated with severe dose-limiting cardiotoxicity, which typically manifests as subclinical cardiac dysfunction or clinical heart failure at the end of chemotherapy or after several years (2) . This late-onset form of anthracycline cardiotoxicity is referred to as chronic and has a complex pathogenesis (3, 4) . cardiomyocyte senescence has been previously suggested as a mechanism underlying dox-induced cardiotoxicity (5) , which can, at least partly, result in cardiac remodeling and dysfunction (6) . Therefore, senescence is pivotal to the progression of delayed anthracycline cardiomyopathy in mice (7) , as well as in humans (8) . Accordingly, regulation of cardiomyocyte senescence may promote the development of cardioprotective strategies and reduce the incidence and mortality of cardiovascular disease in the early and late stages of cancer treatment (9) . However, the clinical effectiveness of anti-senescence therapies remains poor. Therefore, investigating novel therapeutic strategies to alleviate dox-induced cardiomyocyte senescence remains a major challenge.
Honokiol (Hnk) is an effective ingredient extracted from the bark of Magnolia officinalis and is widely used in chinese medicine. In previous studies, Hnk was found to have a wide spectrum of pharmacological properties, such as antitumor (10) , antibacterial (11) and antihypertensive (12) .
Honokiol antagonizes doxorubicin-induced cardiomyocyte senescence by inhibiting TXNIP-mediated NLRP3 inflammasome activation
In addition, recent studies demonstrated that Hnk can protect against pressure overload-mediated cardiac hypertrophy (13) , myocardial ischemia/reperfusion injury (14) and dox-induced cardiomyopathy (15) . Several mechanisms underlying the role of Hnk in cardioprotection have been reported, including the inhibition of oxidative stress and apoptosis (16) , as well as improvement of autophagy (14) and mitochondrial function (13) . In addition, a recent study revealed the association between Hnk and senescence in skin cells (17) . However, to the best of our knowledge, it remains unknown whether inhibition of cardiomyocyte senescence is involved in the protective effect of Hnk on the heart. Investigating whether Hnk protects heart cells from senescence may further support the biological effects of Hnk on the heart and uncover its potential clinical applications.
Inflammasomes are multimeric complexes of innate immune receptors and their formation promotes caspase-1 activation, which subsequently results in the processing and secretion of inflammatory cytokines, including interleukin (IL)-1β and IL-18 (18) . A number of studies have demonstrated that the activation of the NOd-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome directly participates in the regulation of inflammation, oxidative stress and apoptosis in cultured cardiomyocytes (19) . Recently, additional studies have demonstrated a pivotal role of the NLRP3 inflammasome in accelerating endothelial cell senescence (20, 21) . However, the role of the NLRP3 inflammasome in cardiomyocyte senescence remains to be fully elucidated.
Thioredoxin-interacting protein (TXNIP), also termed thioredoxin-binding protein-2/vitamind3 upregulated protein 1, belongs to the arrestin superfamily and inhibits the disulfide reductase activity of thioredoxin (22) . Studies in mammals have demonstrated that TXNIP plays a key role in regulating cell growth (23) , apoptosis (24) , metabolism (25) and immune responses (26) . Previous studies have reported that TXNIP acts as a link between redox regulation and the pathogenesis of senescence (27, 28) . Additionally, TXNIP may be upregulated during the process of senescence, and upregulation of TXNIP in young cells resulted in typical signs of senescence (29) . Furthermore, a study demonstrated that the TXNIP/NLRP3 inflammasome pathway contributes to the senescence of vascular endothelial cells (27) , thus providing a novel mechanism for TXNIP/NLRP3 inflammasome-mediated cellular senescence. despite increasing evidence supporting pivotal roles of TXNIP in the regulation of cardiomyocyte fatty acid oxidation (30) and apoptosis (31) , further research is required to determine whether TXNIP and the NLRP3 inflammasome are involved in cardiomyocyte senescence.
The aim of the present study was to investigate the effects of Hnk on dox-induced cardiomyocyte senescence, and to examine the roles of TXNIP and the NLRP3 inflammasome in Hnk-mediated inhibition of cardiomyocyte senescence.
Materials and methods
Reagents. The following materials were purchased from Thermo Fisher Scientific, Inc.: Dulbecco's modified Eagle's medium (dMEM), fetal bovine serum (FBS), penicillin, streptomycin, dimethyl sulfoxide (dMSO), TRIzol reagent and chemiluminescence reagents. The following materials were purchased from Beyotime Institute of Biotechnology: Senescence cells Histochemical Staining kit (cat. no. c0602), cell counting Kit-8 (ccK-8; cat. no. c0038), RIPA lysis buffer, BCA protein assay kit and polyvinylidene difluoride (PVdF) membrane. PrimeScript RT Master mix kit and SYBR Green Master Mixture were from Takara Biotechnology co., Ltd. Hnk (cat. no. HY-N0003) was obtained from MedchemExpress. doxorubicin hydrochloride (cat. no. d1515) was from Sigma-Aldrich; Merck KGaA. Anti-p16 INK4A (cat. no. ARG57377) was from Arigo Biolaboratories. Anti-p21 (cat. no. ab109199) was from Abcam. Anti-TXNIP (cat. no. sc-166234) was from Santa cruz Biotechnology, Inc. The β-tubulin antibody (cat. no. 66240-1-Ig) was from ProteinTech Group, Inc. Secondary antibodies conjugated to horseradish peroxidase and enhanced chemiluminescence reagents were from AntGene Biotechnology co., Ltd.
Cell culture and treatments. Experiments were performed on the rat embryonic cardiac cell line H9c2, which was purchased from the American Type culture collection (cat. no. cRL-1446). H9c2 cardiomyocytes were cultured in dMEM with 10% FBS, 1% penicillin and 1% streptomycin at 37˚C under an atmosphere of 5% cO 2 , as reported previously (32) , and treated after reaching a confluence of ~80%.
Generation of recombinant adenovirus. Replication-defective recombinant adenovirus containing the entire coding sequence of TXNIP (Ad-TXNIP) was constructed with the Adenovirus Expression Vector kit (Takara Bio, Inc.). An adenovirus-only-carrying green fluorescence protein was used as a negative control (Ad-Nc). To generate adenovirus expressing shRNA against TXNIP (Ad-shTXNIP), three siRNAs for rat TXNIP were designed. The one with the optimal knockdown efficiency evaluated by western blotting was selected to create shRNA and then recombined into adenoviral vectors. The target sequence was as follows: 5'-GAA GAA AGT TTc cTG cAT GTT c-3'. The negative control adenovirus was designed to express non-targeting 'universal control' shRNA (Ad-shNC). Amplification and purification of recombinant adenovirus was performed according to the manufacturer's instructions (Takara Bio, Inc.).
Experimental design. To investigate the protective effects of Hnk on dox-induced senescence, H9c2 cardiomyocytes were pretreated with Hnk at a dose of 2.5 or 5.0 µM for 24 h. The cells were then incubated with or without 0.1 µM dox for 48 h (33,34) and analyzed for each experiment. To further investigate whether the anti-senescence effects of Hnk were associated with the inhibition of TXNIP, H9c2 cells were infected with either Ad-TXNIP or Ad-shTXNIP 48 h prior to Hnk treatment under the control of Ad-Nc or Ad-shNc, and subsequently incubated with or without 0.1 µM dox for 48 h prior to analysis. Since both Hnk and dox were dissolved in 0.1% dMSO, an equivalent amount of vehicle was added to both the control and the virus-infected cells when the experiments were conducted with drug treatments.
Cell viability assay. The cell viability was determined by the CCK-8 assay. Briefly, H9c2 cells were seeded in 96-well plates at a density of 1x10 5 /ml, and 100 µl dMEM with 10% FBS was added to each well followed by incubation overnight. Following drug treatment, ccK-8 (10 µl/well) was added, and the cells were cultured for a further 2 h at 37˚C. The absorbance at 450 nm was measured using a Multiscan microplate reader (Thermo Fisher Scientific, Inc.). The cell viability for the control group was set at 100%, while the viability for the other groups was expressed as a percentage of the control group.
Assessment of senescence. To detect senescence, two different features of senescence were investigated: i) Enhanced β-galactosidase activity (SA-β-gal) associated with increased lysosomal content; and ii) expression of the cell cycle inhibitor p16 INK4A and p21 (35) . Staining for SA-β-gal was performed with a Senescence cells Histochemical Staining kit (Beyotime Institute of Biotechnology), according to the manufacturer's protocols. Briefly, cultured H9c2 cardiomyocytes were fixed in 4% formaldehyde for 15 min at room temperature and then washed three times in phosphate-buffered saline (PBS) at room temperature. The slides were immersed in freshly prepared SA-β-gal staining solution and incubated at 37˚C without cO 2 overnight. Stained sections were washed twice with PBS. Senescence was quantitated by visual inspection of blue/green stained cells with an inverted microscope (magnification x200). In total, >6 observations were included in each group.
Western blot analysis. Total protein was prepared with RIPA lysis buffer at 4˚C for 30 min and quantified using a BCA kit. Equal amounts of protein (60 µg) were separated by 10% SdS-PAGE, electrotransferred to a PVdF membrane and blocked in 5% milk diluted with TBS/0.1% Tween-20 (TBST) buffer for 2 h at room temperature. The membranes were incubated with the appropriate primary antibody at 4˚C overnight. The primary antibodies used were as follows: Anti-β tubulin (1:1,000), anti-TXNIP (1:100); anti-p16 INK4A (1:1,000) and anti-p21 (1:1,000). The PVdF membranes were washed three times with TBST buffer and then incubated with secondary antibody at room temperature for 2 h. After washing three times, the bands were evaluated with a chemiluminescence detection system.
Reverse transcription-quantitative PCR (RT-qPCR).
Total mRNA was extracted using TRIzol reagent. Equal amounts of mRNA (1 µg) were reversed-transcribed into complementary dNA (cdNA) using the PrimeScript RT Master Mix kit (Takara Bio, Inc.). The reverse transcription conditions were as follows: 37˚C for 15 min and 85˚C for 5 sec. Subsequently, cdNA was used for qPcR with SYBR Green Master Mixture (Takara Bio, Inc.) on the ABI StepOnePlus RT-PcR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The cycling conditions were as follows: 95˚C for 10 min, 40 cycles at 95˚C for 15 sec and 60˚C for 15 sec. qPCR was performed with three replicates of each sample. The β-actin housekeeping gene was used as a control. The relative expression quantity was calculated using the 2 -ΔΔcq method (36) . The primers were as follows: β-actin forward, 5'-GGA GAT TAc TGc ccT GGc Tcc TA-3' and reverse, 5'-GAc TcA TcG TAc Tcc TGc TTG cTG-3'; TXNIP forward, 5'-TAG TGT ccc TGG cTc cAA GAA A-3' and reverse, 5'-GGA TGT TTA GGT cTA Tcc AGc TcA T-3'; NLRP3 forward, 5'-ccA GGA GTT cTT TGc GGc TA-3' and reverse, 5'-Gcc TTT TTc GAA cTT Gcc GT-3'; caspase 1 forward, 5'-AAA cTG AAc AAA GAA GGT GGc G-3' and reverse, 5'-GcA AGA cGT GTA cGA GTG GGT G-3'; and IL-1β forward, 5'-GAc AGA AcA TAA Gcc AAc AAG-3' and reverse, 5'-GTc AAc TAT GTc ccG Acc ATT-3'.
Statistical analysis. The results are representative of at least three independent experiments. data are presented as the mean ± standard error of the mean. differences in the data were analyzed by an unpaired, two-tailed Student's t-test for two groups or one-way analysis of variance followed by Newman-Keuls test for multiple groups. All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc.). P<0.05 was considered to indicate a statistically significant difference. 
Results
Hnk protects H9c2 cardiomyocytes against Dox-induced senescence. According to previous research (37) , the present study selected 0.1 µM as the most suitable concentration to induce senescence of H9c2 cardiomyocytes. dose-response experiments by ccK-8 assay were then performed to identify the optimal concentration of Hnk for the following experiments. It was observed that Hnk suppressed dox (0.1 µM)-induced reductions in cell viability, with maximum inhibition observed when Hnk was used at 2.5 and 5 µM (Fig. 1A) . Therefore, 2.5 and 5 µM were selected to study the effect of Hnk on aging. The 48-h treatment of H9c2 cells with Dox significantly increased the percentage of senescent cells, as assessed by SA-β-gal staining, while this effect was significantly reversed by Hnk treatment at both 2.5 and 5.0 µM (Fig. 1B and c) . In addition, p16 INK4A and p21 protein expression levels were increased in dox-treated H9c2 cardiomyocytes compared with the vehicle group, whereas Hnk pretreatment antagonized this effect elicited by dox ( Fig. 1d-F) . These results demonstrated for the first time that Hnk can protect H9c2 cardiomyocytes against dox-induced senescence.
Hnk inhibits Dox-induced TXNIP expression and NLRP3
inflammasome activation in H9c2 cardiomyocytes. TXNIP is a recognized activator of the NLRP3 inflammasome (38) . In the present study, the protein and mRNA levels of TXNIP were found to be increased significantly in Dox-treated H9c2 cardiomyocytes compared with the vehicle group ( Fig. 2A-c) . Furthermore, Hnk-pretreatment at both 2.5 and 5.0 µM in cultured H9c2 cells significantly downregulated the expression of TXNIP compared with the dox group ( Fig. 2A-c) . As a key modulator of senescence, the NLRP3 inflammasome was analyzed at the mRNA level in H9c2 cardiomyocytes. dox-stimulated H9c2 cardiomyocytes exhibited higher mRNA levels of NLRP3, caspase-1 and IL-1β compared with the vehicle group (Fig. 2d-F) . consistently, cells pretreated with 2.5 and 5.0 µM exhibited markedly downregulated mRNA levels of NLRP3, caspase-1 and IL-1β compared with the vehicle group (Fig. 2d-F) . These results indicated that Hnk was able to inhibit TXNIP expression and NLRP3 inflammasome activation in dox-treated H9c2 cardiomyocytes.
TXNIP gene silencing enhances the effect of Hnk treatment on
Dox-induced senescence in H9c2 cardiomyocytes. To determine whether TXNIP is involved in the protective effect of Hnk on H9c2 cardiomyocytes against dox-induced senescence, TXNIP expression was knocked down by adenovirus-mediated gene silencing (Fig. 3A) . The Hnk + dox + Ad-shTXNIP group displayed further reduced expression of TXNIP compared with the Hnk + dox group (Fig. 3B-d) . The inhibitory effect of Hnk on dox-induced NLRP3 inflammasome activation was enhanced when H9c2 cardiomyocytes were pre-infected with Ad-shTXNIP under the control of Ad-shNc ( Fig. 3E-G) . Furthermore, SA-β-gal staining was performed to detect the senescence of H9c2 cardiomyocytes (Fig. 3H ). Pre-infecting H9c2 cells with Ad-shTXNIP led to a further reduction in dox-induced H9c2 cardiomyocyte senescence compared with Hnk treatment alone (Fig. 3I ). In addition, western blotting was performed to detect the protein expression levels of p16 INK4A and p21. Accordingly, Hnk decreased the expression levels of p16 INK4A and p21, which were augmented by pre-infecting H9c2 cells with Ad-shTXNIP ( Fig. 3J-L) . In summary, these results demonstrated that TXNIP silencing significantly enhanced the 
TXNIP overexpression abrogates the effect of Hnk treatment on Dox-induced senescence of H9c2 cardiomyocytes.
To determine whether TXNIP mediates the protective effect of Hnk against dox-induced H9c2 cardiomyocyte senescence, TXNIP expression was upregulated by adenovirus-mediated gene overexpression (Fig. 4A) . Ad-TXNIP partially reversed the inhibitory effect of Hnk on TXNIP expression ( Fig. 4B-d) . Indeed, the inhibitory effect of Hnk on dox-induced NLRP3 inflammasome activation was lost when H9c2 cardiomyocytes were pre-infected with Ad-TXNIP ( Fig. 4E-G) . Furthermore, SA-β-gal staining was performed to detect the cardiomyocyte senescence (Fig. 4H ). Pre-infecting H9c2 cells with Ad-TXNIP abrogated the reduction in dox-induced H9c2 cardiomyocyte senescence attained by Hnk (Fig. 4I ). In addition, Hnk almost normalized the expression levels of p16 INK4A and p21, and this effect was abolished by pre-infecting H9c2 cells with Ad-TXNIP ( Fig. 4J-L) . collectively, these data suggest that Hnk reverses dox-induced H9c2 cardiomyocyte senescence in a TXNIP/NLRP3 inflammasome dependent-manner.
Discussion
dox is an anthracycline that is effective against a wide range of tumors (1) . Despite its beneficial effects against cancer, the clinical application of dox is associated with severe cardiotoxicity (2) . dox induces a senescent-like phenotype in cardiomyocytes, with an abnormal pattern of troponin phosphorylation that may result in inefficient cardiac contraction (5) . Senescence of cardiac cells has been identified to be crucial for the development of anthracycline-related cardiomyopathy (39) . Consistent with these previous findings, the data in the present study suggest that dox-induced cytotoxicity is mediated by the development of cellular senescence, which is accompanied by increased expression of senescence-related genes and SA-β-gal activity. Therefore, it is of great interest to identify effective therapies that inhibit cardiomyocyte senescence in order to prevent dox-induced cardiotoxicity.
Hnk is a bioactive natural compound obtained from the genus Magnolia. Hnk has been reported to possess diverse biological properties, including antiarrhythmic, antihypertensive and anticancer properties, without appreciable toxicity (12, 40, 41) . It has been demonstrated that Hnk acts as an anti-inflammatory agent by blocking the classical nuclear factor-κB pathway (42) . due to its prominent anti-inflammatory properties, there has been increasing attention on its favorable effects on cardiac performance. Tan et al (14) demonstrated that Hnk post-treatment alleviated myocardial ischemia/reperfusion injury by enhancing autophagic flux and reducing intracellular reactive oxygen species (ROS) production. Furthermore, Pillai et al (13) suggested that Hnk blocked and reversed cardiac hypertrophy in mice by activating mitochondrial sirtuin 3. Although Huang et al (15) demonstrated that Hnk pretreatment could reduce cardiac damage by improving mitochondrial function in dox-treated mouse hearts, the effects and the underlying mechanisms of Hnk in dox cardiomyopathy remain to be fully elucidated. The present study confirmed that Hnk was able to attenuate dox-induced cardiomyocyte senescence, as indicated by the significantly decreased number of SA-β-gal-positive cells, as well as decreased expression levels of p16 INK4A and p21. This new evidence supports the previous research demonstrating that Hnk protected dox-treated mice against cardiotoxicity. Based on these results, Hnk may be of value for suppressing the pathogenesis of dox-induced cardiomyopathy via modulating cardiac senescence. However, detailed information regarding the precise mechanism underlying the protective effect of Hnk against dox-induced cardiomyocyte senescence remains to be clearly determined.
Subsequently, the present study focused on elucidating how Hnk exerts its protective effects on cardiomyocytes subjected to dox stimulation. A recent study reported that Hnk was able to inhibit the activation of the NLRP3 inflammasome in nucleus pulposus cells (43) . However, to the best of our knowledge, it is not clear whether Hnk affects the NLRP3 inflammasome signaling pathway in cardiomyocyte senescence. The presence of low-grade inflammation is considered a definitive characteristic of senescence progression (44) . In addition, this chronic pro-inflammatory state can aggravate cell senescence (45) . during the process of endothelial cell senescence, the NLRP3 inflammasome is activated, which leads to the production of cytokines, such as IL-1β, thereby activating the senescent signaling pathway and leading to cellular senescence (20, 46) . Consistent with these findings, the present study observed activated NLRP3 inflammasome and increased expression of IL-1β. Therefore, activation of the NLRP3 inflammasome may be involved in promoting dox-induced cardiomyocyte senescence. Notably, Hnk successfully inhibited NLRP3 Figure 5 . Proposed action pathway through which Hnk protects cardiomyocytes against dox-induced senescence. In response to dox stimulation, TXNIP induces NLRP3 activation, which promotes IL-1β expression by cleavage of caspase-1. The increased IL-1β expression is necessary for inflammation and senescence in the cardiomyocytes. Hnk suppresses cardiomyocyte senescence via regulation of TXNIP and effectively inhibits IL-1β induction by blocking NLRP3 inflammasome signaling. The resultant inhibition of inflammation and protection of cells from senescence leads to the amelioration of cardiac dysfunction. dox, doxorubicin; Hnk, honokiol; TXNIP, thioredoxin-interacting protein; NLRP3, NOd-like receptor family pyrin domain-containing 3; IL, interleukin. inflammasome activation and decreased the expression of IL-1β in dox-treated cardiomyocytes. Taken together, these results indicate that Hnk is a novel antagonist of the NLRP3 inflammasome in Dox-induced cardiomyocyte senescence.
TXNIP, an endogenous inhibitor of thioredoxin, suppresses the ROS scavenging function of thioredoxin, which leads to cellular oxidative stress (22) . A previous study demonstrated that TXNIP overexpression switches the function of TXNIP from a thioredoxin repressor to a NLRP3 inflammasome activator under hyperglycemic conditions (47) . Furthermore, TXNIP was confirmed to directly activate the NLRP3 inflammasome and promote the release of IL-1β upon oxidative stress (48) . However, the effects of TXINP on Hnk-mediated inhibition of the NLRP3 inflammasome in Dox-induced cardiomyocyte senescence are not well understood. In the present study, the expression of TXNIP was significantly upregulated by dox stimulation, whereas Hnk pretreatment successfully inhibited the upregulation of TXNIP induced by dox in H9c2 cardiomyocytes. Furthermore, silencing of TXNIP resulted in enhanced inhibitory effects of Hnk on dox-induced cardiomyocyte senescence, while TXNIP overexpression abrogated the inhibitory effect of Hnk on dox-induced senescence of cardiomyocytes, indicating that TXNIP functions as a checkpoint in the protective effects of Hnk against dox-induced cardiomyocyte senescence. Based on these results, it may be concluded that Hnk prevents cardiomyocyte senescence depending on reduced TXNIP expression and the subsequent attenuation of NLRP3 inflammasome activation. The proposed regulatory pathway of Hnk is presented in Fig. 5 .
In summary, the present study revealed that Hnk, a major active molecule in the traditional chinese medicine Hou Po, effectively prevented dox-induced cardiomyocyte senescence. This cytoprotective effect was demonstrated to occur via the inhibition of TXNIP and the subsequent suppression of the NLRP3 inflammasome. The understanding of the mechanism underlying this effect may support the further development of Hnk as a potential cardioprotective drug through inhibition of cardiomyocyte senescence.
